We study topological defects arising in the Grand Unification Model SU (6) L ⊗ SU (6) c ⊗ SU (6) R × Z 3 . In particular we show the existence of massive magnetic monopoles, cosmic strings and global textures in a particular symmetry breaking chain. We comment on the possible relation to astrophysical problems, in particular to the explanation of the origin of the highest energy cosmic rays reported recently.
Introduction
Topological defects are of considerable interest as a possible source of several astrophysical phenomena [1] . One of the most interesting aspects concerns the explanation of the origin of a substantial part of the Highest Energy Cosmic Rays (HECR). In Ref. [1] it is pointed out that among the topological defects, magnetic monopoles might be important in explaining the origin of the HECR. Superconducting cosmic strings are excluded from this framework due to contradictory evidence amongst the observed HECR fluxes. However domain walls, cosmic strings and textures cannot be ruled out yet as HECR sources due to an uncomplete understanding of the relevant physical processes involved. Thus, given a Grand Unification Theory (GUT) and its experimentally allowed symmetry breaking chains, it is of interest to obtain the topological defects that arise at each symmetry breaking step. In the present paper we intend to address this program within the recently proposed GUT [2, 3] based in the gauge group G = [SU (6) 
The paper is organized as follow, in Sec. 2 we review the [SU(6)] 3 × Z 3 Grand Unification Model following basically the Refs. [2, 3, 4] . In Sec. 3 we show the existence of cosmic strings in this model. Sec. 4 is devoted to show the existence of magnetic monopoles at the several scales of the symmetry breaking. Finally in Sec. 5 we give our final remarks. One appendix at the end of the paper deals with details about of the symmetry breaking implemented in Sec. 3.
Brief Review of [SU(6)]

× Z 3
The model under consideration is based on the gauge group G ≡ SU(6) L ⊗ SU(6) c ⊗ SU(6) R × Z 3 (2.1) and unifies non-gravitational forces with interfamily transitions among three families. In Eq. (2.1) ⊗ indicates a direct product, × a semidirect one, and Z 3 is a three-element cyclic group acting upon [SU(6)] 3 such that if (A, B, C) is a representation of [SU (6) ] 3 with A a representation of the first factor, B of the second and C of the third, then A, B) is a representation of G. SU (6) c is a vector-like group which includes three hadronic and three leptonic colors, and includes as a subgroup the SU(3) c ⊗ U(1) B−L group of the left-right symmetric (LRS) extension of the Standard Model (SM). SU(6) L ⊗ SU(6) R includes the SU(2) L ⊗ SU(2) R gauge group of the LRS model. Among the special properties of this model we may recall that its gauge group, G, is the maximal unifying group for the three families with (extended) vector color and that it leads to absolute (perturbative) stability of the proton [5] . Furthermore, all the known elementary fermions belong to a single irreducible representation (irrep) of G.
The 105 gauge fields (GF's) in G can be divided in two sets: 70 of them belonging to SU(6) L ⊗ SU(6) R and 35 being associated with SU(6) c . The first set includes W ± L and W 0 L (the GF's of the known weak interactions), the GF's associated with SU(2) R , the GF's of the horizontal interactions, and the GF's of the nonuniversal charged and neutral interactions. All of them have electrical charges 0 or ±1. The generators of SU(2) LR may be written in a SU(2) L(R) ⊗ SU(3) HL(HR) basis as
where σ i are the 2×2 Pauli matrices, λ α are the 3×3 Gell-Mann matrices, and I 2 and I 3 are the 2×2 and 3×3 identity matrices respectively. The second set includes the eight gluon fields of SU(3) c , nine lepto-quark GF's (X i , Y i and Z i , i = 1, 2, 3, with electrical charges −2/3, 1/3 and −2/3 respectively), their nine conjugated, six dilepton GF's (P ± a , P 0 andP 0 , a = 1, 2, with electrical charges as indicated), and the GF's associated with diagonal generators in SU(6) c and not taken into account already in SU(3) c .
The fermions of the model are in the irrep 108,
with quantum numbers with respect to ( In order to achieve the symmetry breaking (SB) we should introduce appropriate Higgs scalars. Using the branching rules
and
we can see that the vacuum expectation values (vevs) from 6 necessarily breaks SU(2) L . We therefore assume that the last step in the SB chain of G is due to the vevs of a φ 4 = φ(108) = Z 3 φ(1, 6, 6) and that these vevs lie only in the electrically neutral directions in the SU(6) L ⊗ SU(6) R space, that is that φ a A = 0 for A, a = 2, 4, 6 only. The first steps of the SB chain arise from vevs of Higgs fields of the type Z 3 φ(n, 1, n), where n may be 15 or 21. It is also assumed that the vevs are oriented in such a way that the modified horizontal survival hypothesis 1 [3, 4] holds.
The symmetry breaking chain is constrained by the requirement that the evolution of the coupling constants associated with the factor groups of the SM from the unification scale to the scale M L of the last step of the chain, agrees with the experimental values
2 GeV s. For the renormalization group equations (rge), which govern the evolution of the coupling constants, we adopt the survival hypothesis 2 [6] and the extended survival hypothesis 3 [7] . When the symmetry is broken in N steps at the scales M k , the coupling constants satisfy, up to one loop, the rge
, and g i are, respectively, the gauge coupling constants of the U(1) Y , SU(2) L and SU(3) c subgroups of [SU (6)] 3 × Z 3 normalized such that they become equal at the unification scale M N . These coupling constants are therefore related to the usual ones, g Y , g L , and g c of the SM by [3, 4] 
at the unification scale. In eq. (2.4)
where C 
where θ W is the weak mixing angle. From this expressions we have straightforwardly
The survival hypothesis amounts to assume that at every step, where a symmetry G ′ is broken to G ′′ at the scale M , all fermions whose mass is G ′′ invariant acquire mass of order M .
3 For extended survival hypothesis it is understood the assumption that the mass of all the Higgs scalars of the irreps under G ′ to which the scalars that acquire G ′ breaking vevs belong, is of order M . The rest of the scalars that complete an irrep under G (G ′ ⊂ G), have bigger masses and are decoupled in the rge bellow M. and sin
As can be noted, the equations (2.8) and (2.9) have not contributions from the first step of SB. Now, when we have more than two steps (the model with only two mass scales was excluded before [4, 5] by experimental data), the mass scales and their hierarchy are established by solving the rge in agreement with the experimental data and then, the evolution of the coupling constants is now determined only by the assumed values of the intermediate scales, M k , and the number of them. The type of topological defects depends on the active symmetry at each step. This is the subject of the next section.
Strings in
Cosmic strings, monopoles, and other extended topological structures can appear during certain phase transitions when a (connected and simply connected) gauge group G is broken down spontaneously to a subgroup H. The usual topological criterion for the existence of a string is the nontriviality of the fundamental homotopy group of the vacuum manifold M = G/H, denoted by π 1 (M) = π 1 (G/H)( = 0) [8, 9, 10] . Let G be a Lie group which is not connected nor simply connected 4 and suppose that it can be written as G × Z m , where G is a connected and simply connected group. In this case the exact homotopy sequence reads [11] 
where Z m is the finite cyclic group of order m and H = H × Z 3 . Therefore
The general construction of the scalar field at large distances from the string, for a connected and simply connected G is given by
In sections 3 and 4 we will use boldface letters to denote the groups which are not connected nor simply connected.
where τ is some generator of G out of H, to have non-contractible loops at all. θ is the azimuthal angle measured around the string, and g(0) and g(2π) belong to two disconnected pieces of H. Two kinds of strings may be considered, one having the simple form for the scalar field φ(θ) = e iθ φ 0 , in such a case, we are talking about an Abelian string. In general, however, for a given φ 0 , the generator τ can be chosen such that g(θ)φ 0 twists around the string in a more complicate fashion, giving an intrinsically non-Abelian string [12] .
There are many possibilities for the chain of symmetry breakings from [SU(6)] 3 × Z 3 down to SU(3) c ⊗ U(1) EM , the low energy gauge group [13] . However, in order to include strings, we may use the presence of the discrete factor Z 3 and constrain the SB scheme not to break this factor in the first step. As we argued in the last section, we choose the Higgs content to be of the form Z 3 φ(n, 1, n), with n = 15 or 21. Hence, if we require that
where H is connected and/or simply connected, then, in order to respect the Z 3 symmetry, the tensor structure of φ must be the same in the L, R and C spaces. Since ordinary color corresponds to α = 1, 2, 3 in the fundamental representation of SU(6) c , the tensor indices of the terms in φ can be only 4, 5 or 6 in all the three spaces. On the other hand SU(2) L should not broken in the first step and therefore φ must take the direction of the singlets of SU(2) L ,
:
{1, 4} − {2, 3}, {1, 6} − {2, 5}, {3, 6} − {4, 5}, [5, 6] . Notice that already at this step there is a distinction between the third family and the first two. The symmetry breaking implemented by these vevs is (see appendix and reference [13] )
where
, and the mixing group U(1) mix is generated by
with T = diag{1, 1, 1, 1, −2, −2}/ √ 6. The homotopy sequence (3.1) associated with the SB (3.3) leads to the standard sequence
mix is connected, i.e. π 0 (H) = 0. Therefore according to the usual homotopic criterion there are no strings at the first SB at the scale M G .
The string appears at the second SB (i.e. at the scale M R )
For this case the homotopy sequence (3.1) holds
Since the group I is connected we have
Consequently, a Z 3 string is formed during this phase transition, and it does not survive to the next symmetry breakings. The subsequent steps of the SB can be implemented by Higgs fields in the same representation, in fact, the more economical set of Higgs fields which maintain the above scheme, and solve the rge in a proper way, use six 675 to break H down SM in the following way
The hierarchy of the mass scales They are sufficient to implement the SB join φ 4 , but we must add one or more Higgs fields, in order to solve consistently the rge. Those fields are chosen to take vevs along the directions of the (4, 2) + (6, 1) irrep of SU(4) L,R ⊗ SU(2) L,R , and the (4, 2) of SU (4) (2), and the (1, 1) is the diagonal generator T . As we mentioned above, we are interested in the generators outside of SU(4) ⊗ SU(2), there are 17 of them. Then, two kinds of strings are induced to be created in the breaking of G. Abelians, corresponding to two U(1) symmetries, associated with the diagonal generators
or other linear combination from T 1 and T 2 , and a non-Abelian one made with linear combinations of the 48 remaining generators. All of them are solutions of the Euler-Lagrange equations of motion for φ and A µ . They are obtained from the relevant part of the Yang-Mills-Higgs Lagrangian for
. . , 105, are the gauge fields, D µ = ∂ µ + gA µ , and Φ is the Higgs 675, used for the first steps in the SB scheme. The most general G-invariant and renormalizable potential V (Φ) contains all the distinct contractions of two and four Φ's in such a way that it is Z 3 -invariant:
Monopoles are the more common kind of topological defects that appear in the grand unification theories. Similar to strings, they are associated with the existence of a non trivial homotopy group: π 2 (G/H) [8, 9, 10] . Then, the presence of U(1) factors in H is sufficient in order to show the existence monopoles in the model. Now we will use the SB of the previous section to show the presence of magnetic monopoles. They are present at each step of the SB.
Using the homotopic analysis one can show
at the M G scale. This means the model [2, 3, 4] contains very massive monopoles. At the second step of the SB also there exist monopoles
at the scale M R . In the further SB at the scales M H and M L the presence of monopoles can be easily checked. Even thought the SB shown above include this kind of defects, that is not the more economical scheme. Without the constriction (3.3), a more economical one may be build. Consider the following Higgs fields and their respective vevs, all of them in the irrep 675. φ The algebra [13] shows that φ 2 + φ 3 with the vevs as indicated breaks G down the left-right symmetry extension of the SM, and join φ 1 break it down SM. The rge analysis shows that the appropriate SB scheme is
where the mass scales have the hierarchy M R ∼ 10 12 GeV s > M H ∼ 10 9 GeV s ≫ M L ∼ 10 2 GeV s [4, 5] . These results are in good agreement with those obtained from the analysis of the generational seesaw mechanism in this model [14] . It is important to note that the above Higgs fields are not sufficient to assure consistent solutions to the rge, at less, two more fields in 1323 most be introduce [4] . In this scheme, one monopole is formed during each phase transition, two of them do not survive the next transition, because its unitary symmetry associated is broken in the following step of the SB, but the last appear to be stable.
Another topological defects which are also present in the GUT model based in the gauge group [SU(6)] 3 ×Z 3 are the global textures. The homotopic classification of these topological defects is given by the nontriviality of the homotopy group π 3 (M) = π 3 (G/H) = 0 [8, 9, 10] . In the SB chain given in the previous section the global textures are absent except at the second SB at the scale M R . This is detected by π 3 (H/I) = π 2 (I) mod Z 3 and therefore π 3 (H/I) = Z 3 .
Final Remarks
In this paper we have obtained a particular SB chain of the GUT proposed in Refs. [2, 3, 4] . We observe that such chain possesses several topological defects, namely strings, monopoles and textures. The model contain a string and a texture at the second step of the SB (at the scale M R ). Also the model has magnetic monopoles in all scales of SB, in particular in the highest SB scale M G ∼ 10
18 GeVs and therefore very massive monopoles are present as it is required in [1] . This chain do not contain superconducting strings [15] . This is also consistent with the claim of Ref. [1] concerning the origin of HECR. Of course the content of topological defects depends on the chosen SB chain. The chains used in this paper were introduced in order to solve several problems found in Ref. [4] , concerning the presence of low energy flavor changing neutral currents [13] . The fact that the GUT be more able than others to address these astrophysical problems has to be careful checked. We hope study these problems in the next future. In the present paper we only restrict ourselves to study the presence of some topological defects in the [SU(6)]
3 × Z 3 model and compare our results to that of given by Sigl in Ref. [1] .
SU (6) . In fact, it should be note that the group SU(4) (SU (2)) is the largest simple group contained in SU(6) which act on the subspace with tensor indices 1, 2, 3, 4 (5, 6) . For this decomposition of the space, the branching rules read SU(6) → SU(4) ⊗ SU (2) 6 → ( Then, there is only one singlet of SU(4) ⊗ SU(2) in the irrep 15 of SU (6), and, by construction, corresponds precisely to the direction [5, 6] . Moreover, the mixing symmetry is generated by a Z 3 -invariant linear combination of the singlet in the irrep 35, this is the diagonal generator T mix in (3.5). Therefore, the SB induced by φ 0 is
It is important to note, that now in this chain, the ordinary color group SU(3) c ⊂ SU(4) c , and the left group SU(4) L ⊗SU(2) L decompose in SU(2) L ⊗ SU(2) HL , where the last SU(2) L is the standard electroweak group and the horizontal group SU(2) HL acts only in the space of the the first two families, as it follows from the branching rules SU(4) L ⊗ SU(2) L → SU(2) L ⊗ SU(2) HL (4, 1) → (2, 2) (1, 2) → (2, 1).
The subsequent steps of the SB were chosen in order to get the highest contribution from the Higgs sector to the rge, using the extended survival hypothesis and the following table of indices of representations:
SU(4) Sp(4) SU(3) SU(2) n C(n) n C(n) n C(n) n C(n) 4 1  4  1  3  1  2  1  6  2  5  2  8  6  3  4  15  8  10  6 
